Abstract BF211, a bufalin (BF) derivative, exhibits stronger anti-cancer activity than BF but with potential cardiotoxicity. Fibroblast activation protein-α (FAPα) is a membrane-bound protease specifically expressed by carcinoma-associated fibroblasts, thus has been used for the selective delivery of anticancer agents. In this study, we used a FAPα-based prodrug strategy to synthesize a dipeptide (Z-GlyPro)-conjugated BF211 prodrug named BF211-03. BF211-03 was hydrolyzed by recombinant human FAPα (rhFAPα) and cleaved by homogenates of human colon cancer HCT-116 or human gastric cancer MGC-803 xenografts. In contrast, BF211-03 showed good stability in plasma and in the homogenates of FAPα-negative normal tissues, such as heart and kidney. In HCT-116 and MGC-803 cells with low levels of FAPα expression, BF211-03 displayed a lower in vitro cytotoxicity than BF211 with approximately 30 to 40-fold larger IC 50 values, whereas in human breast cancer MDA-MB-435 cells with high levels of FAPα expression, the IC 50 value difference between BF211-03 and BF211 was small (approximately 4-fold). Although the cytotoxicity of BF211-03 against tumor cells was dramatically decreased by the chemical decoration, it was restored after cleavage of BF211-03 by rhFAPα or tumor homogenate. In HCT-116 tumorbearing nude mice, doubling the dose of BF211-03, compared with BF211, caused less weight loss, but showing similar inhibitive effects on tumor growth. Our results suggest that BF211-03 is converted to active BF211 in tumor tissues and exhibits anti-tumor activities in tumor-bearing nude mice. FAPα-targeted BF211-03 displays tumor selectivity and may be useful as a targeting agent to improve the safety profile of cytotoxic natural products for use in cancer therapy.
Introduction
Bufalin (BF) is one of the main effective components of the traditional Chinese medicine ChanSu, the dried secretion from the skin and parotid venom glands of Bufo bufo gargarizans Cantor or Bufo melanostictus Schneider. BF211 is a derivative of BF that exhibits stronger anti-cancer effects than BF toward various cancer cells and lower toxicity in mice, as shown in previous reports [1, 2] . The synthesis and anti-cancer use of BF211 had been granted a patent in China (Authorized Announcement No CN 102532235B). However, as a cytotoxic agent, BF211 might induce toxicity in normal tissues, particularly the heart, because this drug is a type of cardiac steroid. The toxicity of BF211 in normal tissues would strongly impede its development as a new anti-cancer drug.
FAPα, a type II transmembrane serine protease, is a tumorassociated antigen that is highly expressed in stromal fibroblasts. Tumor stroma accounts for more than 90% of the tumor mass in colon, breast and pancreatic carcinomas [3, 4] . The expression of FAPα is strongly restricted to carcinomaassociated fibroblasts. There is almost no detectable expression of FAPα in normal healthy adult tissues, although FAPpositive cells have been observed during wound healing and embryogenesis, and in areas of chronic inflammation and fibrosis [5] . Carcinoma-associated fibroblasts secrete growth factors that promote tumor growth, angiogenesis, and the recruitment of pro-tumorigenic inflammatory cells [6] [7] [8] [9] [10] [11] . Because of its relative tumor-restricted expression and unique proteolytic activity, FAPα is considered as a tumor-associated protease for the selective delivery of anticancer agents, such as doxorubicin [12] [13] [14] [15] . In the present study, to improve the tumor targeting of BF211, we designed a BF211 prodrug, named BF211-03, which is cleaved by FAPα into BF211. BF211-03, dipeptide (Z-GlyPro)-conjugated BF211, was synthesized by decorating BF211 with the specific tripeptide N,N-dimethyl-Gly-Gly-Pro-OH. Here, we report the generation of BF211-03 and characterization of its in vitro and in vivo antitumor activities. The in vitro cytotoxic effects of BF211-03 and BF211 in various human cancer cells and heart-derived rat H9C2 cells were compared. The in vivo effects of BF211-03 and BF211 on tumor growth and body weight were also observed in nude mice inoculated with human HCT-116 colon cancer cells.
Materials and methods

Chemicals and materials
ChanSu, a traditional Chinese medicine comprising the dried secretions from the skin and parotid venom glands of Bufo bufo gargarizans Cantor or Bufo melanostictus Schneider, was obtained from Shanghai Tongrentang Pharmacy (Shanghai, China). As previously described, bufalin (BF) was isolated from ChanSu [16] , and BF211 was synthesized [2] . Subsequently, BF211-03 was synthesized by decorating BF211 with the specific tripeptide N,N-dimethyl-Gly-Gly-Pro-OH. The chemical structures of BF, BF211 and BF211-03 are shown in Figure  1A . The synthetic route for preparing BF211-03 conjugates is depicted in Figure 1B . L-Proline benzyl ester was used to prepare the specific tripeptide N,N-dimethyl-Gly-Gly-Pro-OH through a series of synthesis reactions. The conjugate BF211-03 has a molecular weight of 751 g/mol. The purity of BF211-03 used in the present study was over 99%. Stock solutions of BF211 and BF211-03 were prepared in DMSO at a concentration of 10 mmol/L in enzymatic and cell-based assays. For animal studies, BF211 and BF211-03 were dissolved in 5% Klucel EF + 5% ethanol + 90% normal saline, and the stock solution was freshly prepared every 2 days. Recombinant human FAPα (rhFAPα) was purchased from R&D Systems (Minneapolis, MN, USA).
Cell culture
The human HCT-116 colon cancer cell line, MGC-803 gastric cancer cell line, MDA-MB-435 breast cancer cell line and rat H9C2 cardiomyocyte cell line were purchased from the Cell Resource Center of Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China) and maintained in growth medium at 37°C in a 5% CO 2 atmosphere, as recommended. The medium was supplemented with penicillin (100 units/mL) and streptomycin (100 mg/L). For experiments, the cells were used during the logarithmic growth phase. All materials used for cell culture were obtained from HyClone (GE Healthcare Life Sciences HyClone Laboratories, South Logan, Utah, USA).
In vitro hydrolysis of BF211-03 by recombinant FAPα protein The hydrolysis of BF211-03 by rhFAPα protein was assessed after incubation of 100 μmol/L BF211-03 with rhFAPα at 37 °C in Tris-buffer (pH 7.4). First, rhFAPα at different concentrations (1, 2, and 8 μg/mL) was used to identify the minimal effective dose of rhFAPα. Subsequently, the time-dependent cleavage of BF211-03 by rhFAPα was observed by incubation of 100 μmol/L BF211-03 with 2 μg/mL rhFAPα for 1.5, 3, 6, 12 or 24 h. Prodrug hydrolysis was monitored by collecting samples at each time point, then analyzing samples by using high-performance liquid chromatography (HPLC; Waters 2695 Alliance LC System). The following HPLC profile was used for the detection of BF211-03 and BF211: UV-detection at 298 nm; Column: KR100-C18 Kromasil column (5 μmol/L, 150× 4.6 mm 2 ); flow rate: 1.0 mL/min; eluent: acetonitrile/0.5 vol% formic acid in water; program: 20%-75% acetonitrile within 20 min (gradient elution); and injection: 10 μL.
Ex vivo hydrolysis of BF211-03 by using plasma and tissue homogenates from tumor-bearing nude mice Blood plasma, tumor tissue and normal tissues, including heart and kidney, were harvested from nude mice bearing HCT-116 or MGC-803 tumors. To prepare the tissue homogenates, 200 mg of tissue was homogenized with 800 μL of phosphate-buffered saline (PBS). To assess the hydrolysis of BF211-03 ex vivo, 100 μmol/L BF211-03 was mixed with 400 μL of plasma or tissue homogenates and incubated at 37°C in a shaking incubator for 12 h. Subsequently, the samples were collected, processed and measured using HPLC as described above.
Hydrolysis of BF211-03 in cultured cells
Hydrolysis of BF211-03 was also assessed in cultured HCT-116, MGC-803, MDA-MB-435, and H9C2 cells. Briefly, the cells were seeded onto a 6-cm plate at a cell density of 12×10 5 cells per well. After overnight growth, the cell culture medium was changed to fresh medium (2 mL) containing the prodrug BF211-03 (10 μmol/L). After incubation for 8 h, the culture medium was collected and centrifuged at 3000 r/min for 5 min at room temperature. The supernatant was collected and transferred to tubes containing 2 mL of methylene dichloride. The tubes were vigorously shaken, and subsequently, the organic layer was collected. The extraction was repeated three times. After solvent evaporation and dissolution of the residue in 150 μL of methanol, the sample was filtered (0.22 μm) and analyzed by using HPLC as described above.
Western blot analysis of the FAPα levels Western blotting assays were conducted as previously described [1, 17, 18] to examine the level of FAPα in tissues and cultured cells. The protein samples of tissues or cells were prepared in RIPA buffer containing protease and phosphatase inhibitors (Thermo Fisher Scientific, Waltham, MA, USA), and the protein levels were quantified using a BCA protein assay kit. FAPα was detected using a sheep polyclonal antibody against FAPα (#AF3715, 1:3000) from R&D Systems and HRP-linked rabbit anti-goat IgG (#RAG007, 1:5000) from MultiSciences Biotech Co Ltd (Hangzhou, China). β-actin 417 www.chinaphar.com Chai XP et al Acta Pharmacologica Sinica was detected using an HRP-linked goat polyclonal antibody against β-actin (#sc-1615, 1:1000; Santa Cruz, Dallas, TX, USA).
Cytotoxicity assay
The cytotoxicity of BF211-03 or BF211 in cultured cells was assessed using a CCK8 assay as previously described [19] . Briefly, cells in logarithmic growth phase were seeded onto a 96-well tissue culture plate (Thermo Fisher Scientific, Waltham, MA, USA) at a density of 2000, 1500, 4000 or 1000 cells/well for the HCT-116, MGC-803, MDA-MB-435 and H9C2 cell line, respectively. After cultivation overnight to allow adherence, the cells were treated with 0.1% DMSO (solvent control), BF211 or BF211-03 at various concentrations for 72 h. After treatment, CCK-8 stock solution diluted in RPMI-1640 (100 μL) was added to each well. The OD 450 was subsequently measured with SpectraMax M5 (Molecular Devices, CA, USA). The inhibition rate was calculated as (OD control cells − OD treated cells )/OD control cells ×100%. The IC 50 values were calculated through concentration-response curve fitting using the four-parameter method.
To examine whether the hydrolysis of BF211-03 restored the cytotoxicity of BF211, the cytotoxic effects of BF211-03, BF211-03 incubated with PBS, BF211-03 incubated with recombinant rhFAPα, BF211-03 incubated with HCT-116 tumor tissue homogenate, BF211, BF211 incubated with PBS, BF211 incubated with recombinant rhFAPα and BF211 incubated with HCT-116 tumor tissue homogenate were compared. Briefly, BF211-03 or BF211 at 100 μmol/L was incubated with rhFAPα (8 μg/mL rhFAPα for 24 h) or tumor homogenate (12 h). The hydrolyzed products were collected and filtered (0.22 μm). Subsequently, the hydrolyzed products were diluted to different concentrations with cell culture medium. The cytotoxic effects of the samples at gradient dilutions were assessed in cultured HCT-116 cells by using the CCK8 method as described above.
In vivo anti-tumor activity and influence on body weight The in vivo anti-tumor activity and influence on body weight of BF211-03 were observed in nude mice with HCT-116 xenografts. Briefly, female nude immunodeficient Balb/c-nu-nu mice, aged 6-8 weeks, were purchased from the Sino-British SIPPR/BK Lab Animal Ltd (Shanghai, China) and housed in accordance with the protocols approved through the East China Normal University. Generally, on day 0, HCT-116 cells (5×10 6 cells) suspended in 0.1 mL of PBS were mixed with 0.1 mL Matrigel basement membrane matrix (BD Biosciences) and subsequently inoculated in the right flank of each mouse. The tumors were grown to 100-150 mm 3 before the treatments were administered. The mice were treated with solvent control, BF211 (7.29 μmol/kg) or BF211-03 (14.58 μmol/kg), twice daily via intraperitoneal injection. The tumor size was measured every other day by using calipers, and the tumor volume was calculated with the standard formula width 2 ×length/2. Tumor growth inhibition was calculated as TGI%=(1-(mean tumor volume of the treatment group on the first day-mean tumor volume of the treatment group on the end day)/(mean tumor volume of the control group on the first day-mean tumor volume of the control group on the end day)) ×100%. Body weight was measured every other day.
Statistical analysis
Student's t-test was applied to evaluate the differences between treated and control groups. The data are expressed as the mean±SEM, and results from at least 3 independent experiments were used for statistical analysis.
Results
FAPα-dependent release of BF211 from the prodrug BF211-03 As shown in Figure 2 , BF211-03 was dose-and time-dependently hydrolyzed to BF211 by rhFAPα. When BF211-03 was incubated with rhFAPα at 2 or 8 μg/mL, a decrease in the peak of BF211-03 was accompanied by an increase in the peak of the cleaved product BF211 (Figures 2A and 2B) . Furthermore, the BF211 peak was observed after a 1.5-h incubation with 2 μg/mL of rhFAPα, and the peak area increased over time (Figures 2C and 2D) . The results suggested that BF211-03 is dose-and time-dependently hydrolyzed by rhFAPα.
Hydrolysis of the prodrug BF211-03 by plasma, tumor tissue homogenates and normal tissue homogenates To examine the tumor targeting of BF211-03, the hydrolysis of BF211-03 in mouse plasma, tumor tissue homogenate, including HCT-116 tumor xenografts and MGC-803 tumor xenografts, and normal tissue homogenates, including heart and kidney, were analyzed. The protein levels of FAPα in tissue homogenates were assessed. As shown in Figure 3A , high levels of FAPα were observed in tumor homogenates, particularly in HCT-116 tumor tissues, whereas low levels of FAPα were observed in both heart and kidney normal tissue homogenates. In accordance with the levels of FAPα, the cleavage rates of BF211-03 were high in HCT-116 or MGC-803 tumor tissue homogenate but markedly lower in heart and kidney tissues ( Figures 3B and 3C) . No detectable cleavage of BF211-03 was observed after incubation with mouse plasma (Figures 3B and  3C ). These results suggested that BF211-03 is hydrolyzed to release BF211 in FAPα-positive tumor tissues, but otherwise remains relatively stable in plasma and normal tissues.
Prodrug BF211-03 exhibited lower cytotoxicity than BF211 in cultured cells To examine whether the cytotoxicity of BF211 decreased after modification with the Z-Gly-Pro dipeptide, the cytotoxicities of the prodrug BF211-03 and BF211 were compared in cultured HCT-116, MGC-803, MDA-MB-435 and H9C2 cells. First, the expression levels of FAPα in these cells were observed. As shown in Figure 4A , HCT-116 and MGC-803 cancer cell lines had low levels of FAPα expression, whereas, similarly to previously reported findings [20] , high levels of FAPα were observed in MDA-MB-435 cells. Thus, MDA-MB-435 cells were used in the present study to further confirm the capability of hFAPα to hydrolyze BF211-03. Furthermore, the cardiomyocyte line H9C2 was also used to examine the potential cardiotoxicity of BF211 or BF211-03. The level of FAPα was low in H9C2 cells ( Figure 4A ). As shown in Figure 4B , there was a positive correlation between BF211-03 cleavage and the level of FAPα expressed in the cells.
Importantly, as shown in Figures 4C, 4D , 4E and 4F, BF211-03 exhibited lower cytotoxicity than BF211 in the cultured cells. Table 1 shows the IC 50 values of BF211-03 and BF211 in each cell types. As shown in Table 1 , the IC 50 value of BF211-03 in inhibiting HCT-116 cell proliferation was 42.9-fold higher than that of BF211. Similar results were observed with MGC-803 cells. For MDA-MB-435 cells with high FAPα expression, only a small difference in the IC 50 values of BF211-03 and BF211 was observed (fold difference of only 4.97), a result potentially reflecting the cleavage of prodrug BF211-03 via cellular FAPα. The cytotoxicity of BF211-03 was also lower than that of BF211 in the cardiomyocyte line H9C2.
Restoration of the cytotoxicity of prodrug BF211-03 after hydrolysis by FAPα or tumor homogenates
To confirm the restoration of cytotoxicity after the hydrolysis of the prodrug, the cytotoxicity of BF211-03 after incu- bation with rhFAPα or HCT-116 tumor homogenate was assessed. As shown in Figure 5A , rhFAPα-cleaved BF211-03 showed higher cytotoxicity than that of un-cleaved BF211-03. Notably, the cytotoxicity of BF211-03 cleaved by tumor homogenate was markedly enhanced ( Figure 5B ). As shown in Table 2 , the IC 50 value of BF211-03 cleaved by tumor homogenate (1.89±0.25 nmol/L) was almost equal to that of BF211 (1.70±0.43 nmol/L). These results suggested that the cytotoxicity of prodrug BF211-03 was restored to the level of the parent drug BF211 after incubation with rhFAPα or tumor homogenate.
Prodrug BF211-03 exhibited an antitumor efficacy similar to that of BF211 and elicited a smaller decrease in body weight in nude mice As shown in Figure 6A , BF211-03, at a dose twice that of BF211, elicited similar inhibitive effects on the tumor growth of HCT-116 xenografts, whereas mice in the BF211-03-treated group displayed a much lower decrease in body weight than that in mice treated with BF211 ( Figure 6B ). Table 3 shows the data of tumor volumes, TGI and body weight in control, BF211-treated and BF211-03 treated mice. These results suggested that BF211-03 exhibits anti-tumor effects almost equal to those of the parent compound but induces a smaller decrease in body weight.
Discussion
Traditional Chinese medicines containing ChanSu are still commonly used in clinics for anti-cancer therapy [21, 22] , and the anti-cancer effects of bufalin have been demonstrated in many reports [23] [24] [25] [26] . In previous studies [1, 2, 17, 18] , derivatives of BF, such as BF211, have been designed, synthesized and examined for their anti-cancer effects. Compared with BF, BF211 exhibits stronger anti-cancer effects in various cancer cells and lower toxicity in mice [1, 2] . These results also suggest that BF211 and BF exerts anti-cancer effects by binding with Na + /K + -ATPase and affecting cellular functions, such as transcription, translation, protein synthesis, proteasome degradation [17, 18] . Although BF211 exhibits stronger anti-cancer activities and lower systemic toxicity than BF [1] , the development of BF211 as a new anti-cancer agent has been restricted by its potential toxicity in normal tissues, particularly the heart. The cardiotonic effects resulting from Na + /K + -ATPase inhibition in cardiomyocytes might be one of the major causes of the side effects of BF211 [27] [28] [29] . Tumor stroma has gradually emerged as a potential target in anti-cancer therapy [30, 31] . Compared with traditional approaches for targeting tumor cells, strategies that target tumor stromal cells may offer several potential advantages. First, the targeting of tumor stromal cells is more genetically stable and thus is less likely to acquire resistance to the cytotoxic agent [32] . Second, many solid tumor malignancies share common alterations in their tumor microenvironments; therefore, approaches targeting the tumor microenvironment may be widely applied to these different types of tumors [33] . FAPα is a membrane-bound protease specifically expressed by reactive stromal fibroblasts, and the potential exploitation of FAPα as a therapeutic target has been assessed. Several studies have reported that FAPα plays an active role in tumor promotion, including increasing in tumor incidence, growth and angiogenesis [14, 34, 35] . Although efforts to directly inhibit the enzymatic activity of FAPα by using antibodies or small molecule inhibitor-based approaches have not been promising [36, 37] , a FAPα-activated prodrug therapeutic strategy has been used successfully [12] [13] [14] [15] . The FAPα-activated prodrug strategy relies on the presence and unique post-prolyl endopeptidase activity of FAPα to selectively activate a prodrug in the tumor microenvironment. In the present study, to improve the targeting of BF211, we used a FAPα-activated prodrug strategy involving the design of the prodrug BF211-03. Notably, the peptide used to decorate BF211 was different from the peptides used in previous studies [12] [13] [14] [15] . In a preliminary study, approximately 20 prodrugs of BF211 were designed and synthesized on the basis of different peptides. By comparing the cleavage rates of these prodrugs under hFAPα treatment, BF211-03, with the highest cleavage rate, was selected for further study. A prodrug used in previous study to modify doxorubicin [15] showed a much lower cleavage rate under hFAPα treatment than that of BF211-03, thus suggesting that different peptides might be used for different parent drugs when prodrugs are designed to be activated by FAPα cleavage, because the structures of both the peptide and parent drug affect the cleavage of the conjugate by FAPα.
The results of the present study showed that BF211-03 can be successfully cleaved to generate BF211 by recombinant FAPα protein or tumor homogenates in vitro, but otherwise remains relatively stable in the plasma and homogenates of normal tissues, including the heart. The similarity between the sequences of human and mice FAPα is approximately 87%, and FAPα is generally absent in most normal human or mouse tissues [38] . The results of the present study also showed that the levels of FAPα in normal heart or kidney tissue are low. These results suggested that BF211-03 might be cleaved only in tumor tissues but otherwise remain relatively stable in plasma or normal tissues. Furthermore, the cytotoxicity of BF211 against different types of tumor cells and the cardiomyocyte line H9C2 was dramatically decreased after chemical decoration in BF211-03, and the cytotoxicity was restored through the hydrolysis of BF211-03 by FAPα protein or tumor homogenates. Therefore, un-cleaved BF211-03 distributed in normal tissues might not exhibit strong toxicity, and BF211 released from the cleavage of BF211-03 by tumor tissues may exert anti-cancer effects. The results of in vivo study also supported the targeted effects of BF211-03. In nude mice with HCT-116 tumor xenografts, BF211-03, at twice the dose used in previous analyses, showed anti-cancer activity similar to that of BF211 but induced a much smaller decrease in the body weight of mice. Compared with BF211, BF211-03 induced a smaller decrease in body weight at its effective dose in anticancer therapy. These findings indicated the improved tumor targeting of BF211 after decoration with the dipeptide Z-GlyPro to generate the prodrug BF211-03. However, the present study was limited to one type of colon xenograft animal model in vivo. The results of the present study suggested only that the FAPα-based prodrug strategy may be used to improve the targeting of BF211. Because the HCT-116 tumor cells used in the present study also expressed FAPα, it is difficult to distinguish whether the enhanced therapeutic index of the BF211 prodrug were resulted from the cancer cells, the carcinomaassociated fibroblasts or both. Additional studies with more xenograft models, such as determining the therapeutic index of BF211-03 in xenografts with no FAPα expression in tumor cells but high FAPα expression in carcinoma-associated fibroblasts, are needed to characterize the properties of BF211-03 and further optimize the prodrug strategy.
Natural products still play important roles in cancer treatment [39] [40] [41] . Anti-cancer agents from natural products, particularly those with traditional anti-cancer applications, are primarily compounds with cytotoxicity, such as vinblastine, camptothecin, epipodophyllotoxin, and paclitaxel. Therefore, in generating natural products as new anti-cancer agents, it is important to develop prodrug strategies with cancer-targeted delivery and/or release. The results of the present study showed the effectiveness of the FAPα-based prodrug strategy and support additional studies of natural products and their derivatives. 
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